This paper describes an attempt to assess retrospectively the numbers and demography of a population of roe deer (Capreolus capreolus L.) on an estate and its contiguous area of forestry in North Cumbria, England, amounting to 968 ha, of which 285 ha was woodland. After ageing all the jaws of deer which had been culled or found dead over a period of 29 years (359 deer), populations were reconstructed for each of the earlier years using cohort analysis. Excessive immigration of bucks onto the area of newly planted woodland and the absence of resident does for the first 8 years limited the analysis to one part of the estate (Kingfield) with assessments for the years 1972-1997. As mortality data for Kingfield were limited (222 deer), they also magnified the effects of gains and losses through migration. As a result, and because the area was surrounded by forestry with only lightly culled deer populations, immigration by non-territorial bucks caused some difficulty in assessing the real population in the earlier years. At first sight therefore, these results would appear to negate the usefulness of cohort analysis to determine the numbers of deer in forestry. They do, however, demonstrate quite clearly that, as long as virtually complete mortality data are collected, even with small numbers reasonably accurate assessments of previous populations can be obtained. The most reliable analyses for the whole period were those of the does and female kids, the only real residents. Using these data and those of the bucks for recent years, the probable levels of stocking latterly amounted to 48.8 deer km -2 in plantations of all ages, or 60 deer km -2 in woodland >13 years after planting. The density of deer was also shown to have been positively and significantly (P ≤ 0.001) related to the area of woodland >13 years after planting (<40 ha in 1972, 70 ha after 1993). Moreover, it is now possible to set more realistic targets for the culls on the estate at ~40 per cent of the reconstructed populations, amounting to an annual cull of 19.5 deer km -2 of Forestry, Vol. 76, No. 4
Introduction
Conservation or management of any species of deer requires a basic knowledge of the numbers, sex ratio and fecundity in the area of interest. To achieve this, both counts and culls have to be classified: adult males, adult females, and young approaching 1 year of age (recruitment). Though of interest, it is not necessary to record the number of foetuses, their sexes or the subsequent mortality during the first year of life for this purpose. In practice, most stalkers or managers will admit to having little idea of the actual numbers of deer in their woodlands or forests, and have difficulty in distinguishing between adults and juveniles in both their counts and their culls. Some estates manage their deer for sport, but generally, deer numbers are reduced each year to the point where damage to trees and other crops reaches acceptable levels; this is usually the main or only objective. The number of males and females that must actually be culled to balance the annual recruitment is rarely determined for deer inhabiting woodland.
Therefore, because classified counts and culls are not considered necessary by the average stalker, counts and cull figures for females regularly include kids or calves of both sexes, as well as males shot out of season. As a result, targets for culling are set by tradition, a 'formula' or guesswork and are, in practice, invariably inadequate. Female deer in particular, are always culled more lightly than bucks; the North West Association of Deer Management Groups in England, for instance, after subtracting the likely number of kids from the doe cull data (40 per cent in this area), shoot 1.4 bucks for every doe shot each season (Janice Walker (Sec.), personal communication).
Having found a level of cull, which appears to keep the damage to forestry or agriculture down to an acceptable level, the whole procedure tends to become an exercise in book-keeping, with good data only for adult males. In this paper, we hope to show how, by learning a few simple techniques, more accurate census data for previous populations of roe deer (Capreolus capreolus L.), their demographic structure and dynamics in woodland habitats, can be obtained. These data can then be used to formulate more appropriate culling regimes in relation to the area of woodland being managed. The methods parallel those used by Lowe (1969) to establish the population structure of red deer (Cervus elaphus L.) on the Isle of Rum in the Inner Hebrides (6°20´ W long., 57°N lat.), independently of the annual counts.
Habitat description
The study area consisted of the estate of Kingfield (2°50′ W long., 55°05′ N lat.) and an adjacent block of forestry, known as Stone Chest located some 20 km NNE of Carlisle in Cumbria, UK. The deer have been culled on the two areas together since 1972. Stone Chest was a sheepwalk until 1971, and is also adjacent to Kershope Forest. Much of the lower ground is situated on the terrace of the Liddel Water valley. Altitude ranges between 91m along the banks of the river Liddel that forms the western boundary, and 260 m at the highest point on Stone Chest. The soils consist mainly of stagnohumic gleysoil developed in clay-rich glacial till. The only deep peaty soils (~2 m) occur in the southern areas of Stone Chest (Sykes et al., 1989) .
On Kingfield, except for small enclosures set aside as cropping areas for pheasants, all the farmland is used for grazing stock (cattle and sheep). The total area of the estate amounted to 748 ha, of which ~65 ha were scrub woodland and pheasant coverts in 1972. These plantations ranged in size from 0.7 to 6.5 ha (mean = 3 ± 1.3 SD). The commercial forestry, planted on Stone Chest in 1971/72, covered a further 220 ha, making a total of 285 ha under trees within a total area of 968 ha. The ages and area of the woodland lots, the years when they were planted, felled or re-planted, have all been recorded, thus allowing deer density relative to woodland with a closed canopy (>13 years after planting) to be determined. 438 FORESTRY the total woodland area or 24 deer km -2 of woodland >13 years after planting. This annual cull amounts to five bucks, six does and six kids. A similar exercise on a much larger scale is now required if whole deer populations are ever to be effectively managed in woodland.
Methods
The methods used in these culls were the same as those described by Lowe and Donally (1973) , and concentrated on the removal of deer from all the areas of young forestry. Most of the bucks were culled between mid May to mid-July (90.4 per cent), and the does were culled during the month of February -after the game bird shooting season had ended. Mandibles (lower jaws) were collected from each deer, shot or found dead. These were first cleaned, then aged, using the method used previously by Lowe (1967) for red deer (Cervus elaphus L.). Each deer was then entered in a table according to its age for each of the previous years back to the year of its birth. In this way, it was possible to reconstruct most of the populations present between the years 1972 and 1997, after which the annual cohorts become progressively incomplete. As there were few deer over the age of 6 years (3.7 per cent), any errors in reconstructing populations using these older classes were small. Most of the mandibles (83.8 per cent) were 3 years of age or less and, for these categories, differences between year classes are obvious (for a description of the age criteria, see Appendix 1).
The natural mortality data are thought to be virtually complete, because (1) all the surrounding fields were visited every day by the stockman, who would report any deer dead or caught in fences; (2) frequent searches through the coverts were made with dogs during the months of February and May-August, and (3) beaters and their dogs went through most of the plantations (pheasant coverts) at fortnightly intervals during the months of November-January.
Some deer jaws could not be recovered (3.9 per cent), either because the heads were removed by those assisting with the culls (3.1 per cent) or because they were missing from the skeletons of deer dying naturally in the woods (0.8 per cent). To complete the data, these have been distributed among the classes each year in proportion to the frequency of each age group. During the 29 years of culling, jaws from 359 roe deer, shot or found dead on the two areas, were recovered.
Annual culls varied widely, being light to begin with because there were relatively few deer on either area in the early years, and the does did not become resident on Stone Chest before 1980, 9 years after planting. Thereafter, the numbers of deer increased as the new plantations matured on Kingfield, and the forestry on Stone Chest reached the thicket stage. The largest cull (24) was taken in 1982, and 15-20 deer were then culled each year till 1987, when, in March/April of that year, poachers, using long dogs (lurchers) emptied some of the coverts on Kingfield. Since 1990, 11-22 deer (mean = 17.0 ± 3.6 SD) have been culled each year until February 2001, when the doe cull had to be abandoned because of restrictions imposed due to the outbreak of foot and mouth disease.
Results

Culls from the whole area, 1972-2000
Annual mortality on Kingfield, in relation to the total area of woodland varied from 1.3-19.5 deer km -2 , averaging 9.8 with a standard deviation (SD) of 5.4. On Stone Chest, culling varied from 0 to 5.5 deer km -2 and averaged only 2.2 (± 0.6 SD), reflecting the poorer conditions, particularly latterly, with an ever-decreasing area of ground vegetation following canopy closure around 1986. In Figure 1 , all classes of deer on Stone Chest have been pooled for this reconstruction because there were no does resident on the ground before 1980 (only summer visitors), and since 1986 there have been very few of either sex resident in the ageing and progressively wind blown plantations. The total populations present on Stone Chest as shown in this figure are probably complete up to 1997, and show quite clearly that the young forests became optimal habitat for roe ~10 years after planting, but do not remain so for >5 years thereafter.
For the first 8 years there were no does resident on the Stone Chest area during the winter months. The only meaningful reconstructions of the standing population therefore, were those relating to the years 1982-1985, when the total population of roe exceeded 20 in number (Figure 1 ). The population reached peaks of 26 in 1982 and 27 in 1984. These appear, however, to have consisted of 12 bucks, four does and 10 kids (8 (, 2 &) in 1982, and 13 bucks, four does and 10 kids (7 (, 3 &) in 1984. This implies that most of the adult bucks being culled must have been non-territorial immigrants, which had arrived on Stone Chest as yearlings. The numbers of adult does and doe kids determined by this method appear on the other hand to be realistic and remarkably consistent. The resident population probably consisted of two bucks, four does and two or three kids of each sex, a maximum resident population of 12 deer instead of the 26-27 estimated (5.5 deer km -2 compared with 12.3 deer km -2 ). In 1982, the cull consisted of 10 bucks and two does (5.5 deer km -2 ). This should have accounted for all but two does; instead, as fast as they were culled, more bucks appeared, so that we were still culling 10 or more deer (mainly bucks) in 1985 and 1986.
On Kingfield, because roe of both sexes were present in 1972, and there were always many more of them than on Stone Chest, it has been possible to reconstruct the populations for each class separately, though again the final 3 years have yet to be completed. In Figure 2 , only adult does and doe kids have been shown as their numbers are less likely than bucks to have been influenced by migration.
Initially, immigrant bucks were again a problem in this respect (see Figure 3 ): in most of the earlier years of reconstruction (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) , adult bucks appeared to outnumber adult does, this time by 2.3 : 1, and buck kids outnumbered doe kids by almost 3 : 1. These sex ratios were clearly wrong as the ratio for kids shot in the doe culls was generally about parity (27 bucks : 30 does). As a result, the population in 1982 appeared to have consisted of 14 adult bucks, eight adult does, 13 buck kids and one doe kid: an unlikely scenario. In fact, throughout the study, bucks appear to have outnumbered does 1 9 7 2 1 9 7 4 1 9 7 6 1 9 7 8 1 9 8 0 1 9 8 2 1 9 8 4 1 9 8 6 1 9 8 8 1 9 9 0 1 9 9 2 1 9 9 4 1 9 9 6
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Roe deer (all classes) Figure 1 . Reconstructed populations of roe deer on Stone Chest.
(for an explanation, see Discussion). The areas of scrub woodlands and coverts on Kingfield, depicted for each year in Figure 4 , are shown in accordance with their age: newly planted, 0-6 years; pre-thicket, 7-13 years and mature/closed canopy, >13 years. In this figure, it will be noted that most of the new plantations had been planted before 1972, resulting in a peak in the thicket stage by 1981. Before 1972, the area of mature woodlands and young plantations had remained unchanged at just less than 40 ha. Thereafter, the area of woodland >13 years of age increased as these younger plantations matured (>50 per cent by 1993). It will also be noted that the does and doe kids were increasing in numbers only slightly before 1984 ( Figure 2) ; they then increased to almost double their numbers by 1994.
The increase in population after 1981 coincided with the increase in area of woodland >13 years of age ( Figure 5 ), and was significantly related when the data were analysed by linear regression (R 2 = 0.6921 for 22 d.f.; P ≤ 0.001).
Discussion
In general, visual population estimates, and culls based on them, have never been adequate for management of deer in woodland (Andersen, 1953 (Andersen, , 1961 (Andersen, , 1962 Strandgaard, 1967 Strandgaard, , 1972 Loudon, 1978; Lowe, 1979) . Alternative index methods, e.g. dung counts, based on defecation rates (Mitchell et al., 1985; Ratcliffe, 1987a; Ratcliffe and Mayle, 1992; Mayle et al., 1996 Mayle et al., , 1999 can give some measure of change in deer density, but cannot yield classified data for population reconstruction. Therefore, at present, there are only two methods available for determining the actual size and demography of a population of deer living in woodland.
Estimates based on capture, mark, release and 1 8 1 9 7 2 1 9 7 3 1 9 7 4 1 9 7 5 1 9 7 6 1 9 7 7 1 9 7 8 1 9 7 9 1 9 8 0 1 9 8 1 1 9 8 2 1 9 8 3 1 9 8 4 1 9 8 5 1 9 8 6 1 9 8 7 1 9 8 8 1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 Year Number Adult does Female kids Figure 2 . Population reconstruction for does and female kids on Kingfield, 1972 Kingfield, -1997 recapture data (Petersen, 1896; Lincoln, 1930; Bailey, 1951; Strangaard, 1967 Strangaard, , 1972 are possible, but only where a team of trained staff is available. Even then, at least 67 per cent of the total population has to be marked before reliable estimates of its size can be obtained (Strangaard,1967) . A much simpler method, first devised by Murie (1944) , requires only that 'all jaw bones of culled deer and those dying natural deaths should be systematically collected and their ages recorded' (Ratcliffe, 1987a ) (our italics). Ratcliffe (1987a) and Chadwick et al. (1996) attempted to use cohort analysis but in both cases insufficient jaw bones were recovered, even from the culls: 54-58 per cent estimated recovery from the culls of red deer, and 36 per cent of the jaws from the annual culls of the sika deer (Cervus nippon) from Carrick in South Scotland. The authors therefore had to resort to simulation exercises based on calculated data (Ratcliffe, 1987b) . If the material is not complete or nearly so, and the ageing technique is unreliable, no matter how sophisticated the analysis may be, little confidence can be placed in the resulting estimates of population. Chadwick et al. (1996) wrote quite correctly that 'to undertake a full cohort analysis, the ages of all deer dying are needed'. It has to be stressed that the jaws must be aged correctly, otherwise estimates of population size and other parameters, based on small samples and incorrect ageing of jaws can produce unreliable results. This would appear to have happened with the roe doe material from Pickering in Yorkshire (Ratcliffe and Mayle, 1992) , where yearling does appear to have been mistaken for kids (differences between year classes are not obvious until the jaws are cleaned of flesh). Lambert (2000) was also puzzled by this publication as roe kids do not develop their reproductive systems within their first year. Therefore, the female 'kids' found to be pregnant, 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 Year Number Adult bucks Male kids Figure 3 . Population reconstruction for bucks and buck kids on Kingfield, 1972 Kingfield, -1997 must have been yearlings. Certainly, no female kids -even those weighing up to just under 15 kg (minus alimentary tract and bleed-able blood) -showed any signs of development of their reproductive systems in this study. Another example of the use of cohort analysis has been with red deer on the Isle of Rum off the west coast of Scotland (Lowe, 1969 (Lowe, , 1971 Clutton-Brock and Albon, 1989, 1991) . The island is ideally placed for the evaluation of cohort analysis as there were no complications with immigration or emigration (apart from poaching from boats). The first attempts using this method were successful only because the reconstructed populations were based on the recovery of 99.7 per cent of the annual turnover (Lowe, 1969 (Lowe, , 1971 . The latter attempts (Clutton-Brock and Albon, 1989) failed because only 68.4 per cent of the jaws were recovered and the hind cull had been reduced from 16.6 to 11.4 per cent, thus biasing the sex ratio (McCullough, 1990) . One of the essential messages to emerge from this study was the importance of correct sex and age determination of the mandibles of the deer. Fortunately, the annual stages of tooth eruption and wear for roe deer are distinctive (Aitken, 1975) , and classifying their ages up to 6 years is not difficult. Moreover, the set of jaws used in this study appeared to have exactly the same stages in development with age as the roe deer of known age in Denmark, illustrated by Andersen (1953) .
In terms of population reconstruction, the data from Stone Chest were not suitable; they were too complicated and too limited. For a start, there was always an excess of non-territorial bucks on the area, and the does from Kershope were present on Stone Chest only during the summer months for breeding before 1980. Later, they were present during the winter months, but only in small numbers, so no meaningful reconstructions of the standing populations were possible. 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 However, although initially on Kingfield we had a similar situation as regards immigrant bucks in the earlier years, there were resident does. Moreover, after 1983, the relationship between the sexes for both adults and kids appeared to have settled down (see Figures 3 and  4) , and the value of this form of analysis then became apparent. It not only assessed the population numbers and structure for the earlier years, but also indicated the probable number and sexes of the deer removed by poachers in 1987 (see Figure 2 ).
Conclusions
Although Kingfield was nearly 750 ha in size, with 65-86 ha of woodland, a larger area would have suffered less from population movements, and produced rather better figures for the demography of roe deer in this part of Cumbria. Despite these limitations, however, it has been possible to determine provisional estimates of population density and the level of cull necessary to balance the annual increments.
On Kingfield, the maximum sustainable annual cull (equal to the annual increment) would appear to be ~40 per cent of the reconstructed population; this would be equivalent to a cull of 19.5 deer ~km -2 of woodland of all ages.
As it happens, this is roughly in line with recent culls. In most of the surrounding areas, the general policy remains clearing the deer from vulnerable crops, but this does not necessarily constitute the appropriate management of deer. Until deer management groups can be set up to do a similar exercise to that described in this paper, deer will never be able to be actually managed, and certainly not in the sense of a farmer managing his stock. 
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Appendix 1
Features, diagnostic of the different stages in development of the teeth in roe deer mandibles for each sex, arranged serially (after being cleaned of flesh).
Kids of both sexes in February (8 months)
All 3 premolars are deciduous teeth and well worn. The third premolar is tricuspid. First and second permanent molars have erupted and are stained with tartar to a depth of 5 mm, but are unworn.
Yearling buck shot in June (1 year 0 months)
All three deciduous premolars usually still present, but are very worn and perched above the gum ready to be exfoliated, with the permanent unstained premolars visible below. All three permanent molars erupted and stained (except for the last cusp of the third molar) but unworn.
Yearling doe shot in February (1 year 8 months)
All permanent teeth present and stained but unworn with the infundibula between the lingual and buccal cusps clearly visible. Second and third molar still not fully erupted above their alveoli.
Buck shot in June (2 years)
Molars still unworn, but the premolars show slight wear along the ridges of their cusps. The third molar has yet to erupt fully from its alveolus.
Doe shot in February (2 years 8 months)
Third molar crown just clear of alveolus. Crevices between lingual and buccal cusps are still clearly visible. First traces of wear can be seen on third premolar and first molar.
Buck shot in June (3 years)
The first jaw in the series to show any marked wear on the proximal surface of the third premolar and both pairs of cusps on the first molar; the infundibulum between the distal pair of cusps on the first molar is barely visible or absent. Only traces of wear visible on the third molar.
Doe shot February (3 years 8 months)
All the teeth are beginning to show signs of wear, including the third molar. Infundibula between lingual and buccal cusps of first molar absent or barely visible, and tartar on all crowns down tõ 1 mm above the alveoli.
Buck shot in June (4 years)
Except for the third molar, all the crowns are just proud of their alveoli. Cusps on all the premolars and first molar are worn and no longer sharp.
Doe shot in February (4 years 8 months)
The crown of the third molar is on a level with its alveolus and showing wear on all its cusps. The premolars are all well worn with vestigial infundibula only just present on the third. There is no trace of any infundibulum between the anterior pair of cusps on the first molar.
Buck shot in June (5 years)
The crown of the third molar is just proud of its alveolus. The infundibulum between the posterior pair of cusps on the first molar is now vestigial.
Doe shot in February (5 years 8 months)
The whole tooth row appears well worn with sharp cusps present only on the lingual side of the second and third molars.
Buck shot in June (6 years)
All the cusps on the molars are well worn and rounded with only shallow infundibula still present between the posterior pair of cusps of the first molar, and between all the cusps of the second and third molars.
Doe shot February (6 years 8 months)
The cemento-enamel junction of each cheek tooth is no longer in contact with the alveolar bone, and all the roots are clearly visible. The remaining infundibula on all the teeth are shallow, and now vestigial between both the posterior cusps of the first and the anterior cusps of the second molars.
Buck shot in June (7 years)
This is the first year when the first molars are without any traces of infundibula, and all the lingual cusps are rounded.
Doe shot in February (7 years 8 months)
There are no complete infundibula between the cusps of any of the cheek teeth, and, when viewed from the buccal side, the entire surface of the tooth row appears to be barely cuspidate any longer.
Doe shot February (8 years 8 months)
The crowns of the premolars have lost contact with the alveolar bone, and daylight can be seen between the roots. Only vestiges of the infundibula are still present between, the cusps of the second molar and the central pair of cusps of the third molar.
Doe shot in February (9 years 8 months)
All the infundibula are absent except for vestiges between the posterior cusps of the second molar and the central cusps of the third molar. There are <3 mm of crown depth remaining on the buccal side of the centre of the first molar.
Doe shot in February (10 years 8 months or older)
The infundibula are almost completely absent, and the crowns of the first molars are down to 1 mm in depth, if they have not parted, leaving only the root stumps as part of the tooth row.
